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Widespread implementation of building integrating photovoltaics requires aesthetically 
pleasant panels. Black surfaces are often visually appealing and, if based on a black 
photoabsorber, may lead to increased panel efficiency. Here, we demonstrate a combination 
of black silicon and black ribbons (or bus-bars), both fabricated with methods that are 
compatible with production lines of screen-printed, front contacted solar panels. Maskless, 
non-cryogenic reactive ion etch of silicon and subsequent coating with aluminum oxide for 
passivation purposes results in average reflectance of less than 1% in the UV-vis part of the 
solar spectrum, and in minority carrier lifetimes similar to those obtained on polished 
reference samples thanks to minimized surface damage, as confirmed by transmission 
electron microscopy. Inorganic blackening of bus-bars by a combination of electroplating 
and chemical etching results in reflectance values lower than 3.5% in the UV-vis, with no 
modifications to standard stringing equipment required.    
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1. Introduction 
Developing aesthetically pleasant solar panels without excessive losses in power conversion 
efficiency is paramount to the broad diffusion of building-integrated photovoltaics1–3). A 
possible route, actually leading to increased efficiency, consists in replacing the standard wet 
textured silicon (obtained by alkaline and acidic texturing for mono- and multi-crystalline 
Si, respectively) with black silicon, which shows superior light trapping properties4).  
 The expression black silicon (hereinafter b-Si), encompasses several types of 
nanostructured Si that exhibit strongly suppressed optical reflection at the Si-air interface5).  
A strong candidate for fabrication of b-Si is maskless, reactive ion etch (RIE)6,7). RIE can be 
used with success to texture any type of Si surface8), and if performed at non-cryogenic 
temperatures9) is readily compatible with existing production lines without dramatic increase 
in fabrication costs10). Furthermore, it does not suffer from metallic contamination as is the 
case for b-Si fabricated by metal assisted chemical etching (MACE), the other method of 
choice to obtain b-Si11–13). Finally, RIE offers a large parameter space for process tuning 
resulting in both ultra-low optical reflection and minimized surface charge carrier 
recombination14). Cell efficiencies of 22.1% and 21.9% have recently been reported for 
interdigitated back contact float-zone (FZ) Si and multi-crystalline Si respectively15,16), with 
cryogenic RIE as front surface texturing. Also, cells with b-Si texturing are less affected by 
variation in incidence angle of light as compared to conventional textured cells17), which is 
particularly relevant for building-integrated applications. Here, we have fabricated black Si 
by non-cryogenic RIE reaching the following targets: (i) average reflectance lower than 1% 
throughout the UV-vis part of the solar spectrum; and (ii) minority carrier lifetime values 
approaching those measured on polished Si wafers, as result of an optimized RIE process 
that leads to minimal surface damage.  
 Replacing wet textured Si with b-Si is clearly not the only modification required to 
improve the aesthetics of front-contacted panels, as sketched in Fig. 1. The current collecting 
strings, or bus-bars, display high reflectance in the visible due to their metallic nature 
(typically consisting of SnPbAg alloys). It follows that b-Si must be matched with bus-bars 
of similar appearance. Some bus-bars with dark appearance are commercialized. For 
example, Bruker-Spaleck produces solar ribbons with organic paint coating18), while dark 
appearance ribbons with v-shaped structure invented by E. M. Sachs19) are produced by 
Ulbrich20). Otherwise, few inorganic black bus-bars have been seen so far. In order to address 
this deficiency, we have developed a process for blackening bus-bars by combining metal 
coating by electroplating with chemical etching of the metal surface. The process is 
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compatible with large-volume industrial production and the coating is completely inorganic, 
thus expected to show excellent resistance to degradation by UV-light. Furthermore, the bus-
bars are compatible with standard stringing equipment. Finally, they show reflectance of 4% 
or lower in the UV-vis range, thus matching the very low reflectance obtained by RIE-
textured Si and making such a combination a very promising all-black front surface for 
standard processed solar cells.  
 
2. Experimental methods 
2.1 Fabrication of black silicon and lifetime samples. 
100 mm diameter Czochralski (CZ) mono-crystalline (100) p-type doped Si wafers with 
thickness 350 ± 25 µm were textured using maskless RIE at -20 °C in a Pegasus system 
(STS) using the following parameters: gas flow ratio O2: SF6 ≈ 10:7, chamber pressure of 
4.5 Pa, coil power of 3000 W and platen power of 10 W or 60 W (both operating at 13.56 
MHz radio-frequency), etching time 14 min. The wafers were then RCA cleaned, without 
the final oxide strip in hydrofluoric acid in order to leave on the surface the chemical oxide 
grown during RCA2.  Subsequently, the wafers were coated with 380 cycles of Al2O3 
synthesized at 200 °C using trimethyl-aluminum (TMA) and H2O as precursors for Al and 
O, respectively, in an atomic layer deposition (ALD) process. These passivation layers were 
activated by post-deposition annealing for 10 min at 400 °C in a N2 atmosphere using a 
Tempress furnace. For reference purposes, double-side polished wafers were also passivated 
and annealed. 
 
2.2 Fabrication of black bus bars. 
Both of electroplating and chemical etching of bus-bars were performed in a 1 L beaker at 
room temperature. The solutions were agitated with a magnetic stirrer. The bus-bars were 
degreased cathodically in an alkaline solution and pickled in a commercial acidic solution 
prior to the blackening process. After electroplating the bus-bars were rinsed with DI water, 
and immediately immersed in the chemical etching solution. Finally the bus-bars were with 
blow-dried using an air gun.  
 
2.3 Characterization 
The thickness of the Al2O3 layer was measured using ellipsometry (VASE J. A.Woollam Co.). 
Optical spectroscopy was performed in a UV spectrophotometer (UV-2600, Shimadzu Co.). 
Scanning electron microscopy (SEM) images were taken using a Carl Zeiss Supra 40VP 
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microscope at an acceleration voltage of 5 kV. Transmission electron microscope (TEM) 
images were acquired using a Titan 80-300 TEM microscope (FEI) at an accelerating voltage 
of 300 kV. Single nanostructures were isolated by pressing a Cu TEM grid with holey carbon 
on top of textured wafers. Effective lifetime measurements were performed using the 
microwave detected photoconductivity (MDP) method in transient and injection dependent 
single point mode, using a MDP mapper from Freiberg Instruments. In order to determine 
whether the blackened bus-bars were damaged upon stringing, cross-sections of bus-bars 
before and after soldering to a Si wafer were inspected using an optical microscope. For the 
observation a bus-bar and a piece of Si wafer with soldered bus-bar were mounted on epoxy 
resin separately, and the cross-sections were polished mechanically.  
 
3. Results and discussion 
3.1 Optical reflectance. 
The first key metric to assess our procedures for suppressing reflection of light by Si and by 
the black bus-bars, clearly, is optical spectroscopy. Figure 2 summarizes the results of 
measurements of reflectance (R) in the wavelength range from 300 to 800 nm for b-Si and 
blackened bus-bars and compared to the reflectance of polished Si surfaces and of standard 
bus-bars obtained by soldering. After RIE texturing, the b-Si sample shows reflectance 
between 3 and 6% in the UV-A (300-400 nm wavelength), and lower than 3% throughout 
the visible spectrum. This is already lower reflectance than that of Si surfaces obtained by 
wet texturing21,22). Although RIE is capable of producing Si surfaces with yet lower 
reflectance5), the reflectance obtained here is already low enough to relax requirements on 
thickness and composition of any anti reflective coating (ARC). This gives us an additional, 
useful handle to play with in terms of which material to choose for surface passivation (see 
also the following Subsection). We chose Al2O3 for this purpose, a material of proven 
performance thanks to its excellent chemical and physical passivation23–25). After depositing 
35 nm of Al2O3 on top of our b-Si (thickness determined by ellipsometry and confirmed by 
TEM images, see next Subsection), we observed a further decrease in reflectance, such that 
R is lower than 1% throughout the visible spectrum, which brings the reflectance of our 
surfaces back on par with that of the structures described in Refs. 5, 17.  
 The reflectance of the bus-bars is also dramatically reduced by the blackening 
treatment. The standard bus-bars show reflectance values ranging from 30% at 300 nm to 
above 60% around 800 nm. After the blackening treatment, R is reduced to just 3.5% or less 
throughout the visible spectral range, matching very well the reflectance of our b-Si.     
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3.2 Morphology and lifetime of passivated b-Si. 
Figure 3(a)-(b) show top-view and cross-section SEM images of a wafer textured by our RIE 
process, respectively. The nanostructures appear as randomly distributed hillocks, with shape 
generally varying between that of a cone and that of a paraboloid14). The base of the 
nanostructures has a characteristic dimension between 200 and 300 nm, and a maximum 
height of about 500 nm. The Al2O3 coating shows excellent degree of conformity, as 
expected from ALD26). The uniformity of the RIE processing can be appreciated from Fig. 
3(c), which contains a photograph of a 100 mm diameter wafer after RIE. Figure 3(d) 
summarizes effective lifetime measurements on our b-Si and polished reference sample. The 
effective lifetime of b-Si before passivation is rather low and at most of 10 µs, as common 
for non-passivated Si surfaces27). The lifetime is improved by deposition of Al2O3, and 
reaches about 50 µs. A further improvement of a factor of more than 20 is observed upon 
annealing of Al2O3 in N2 ambient at 400 °C for 10 minutes. The need for annealing (usually 
at temperatures between 350 °C and 500 °C, in N2 or forming gas) to activate the passivation 
effect of Al2O3 is well-known in the literature27). In our b-Si case, the highest measured 
effective lifetime is 1.17 ms, not far from the highest lifetime obtained on the passivated, 
polished Si reference sample (1.54 ms). This proves that our RIE process is rather gentle and 
does not damage the Si surface critically. 
 TEM characterization of nanostructures obtained using different RIE parameters 
can help elucidating the promising results in terms of effective lifetime. Figure 4(a)-(b) show 
low magnification TEM images of single nanostructures fabricated using a high RIE platen 
power (60 W) and a low RIE platen power (10 W), respectively. It is clear that the Al2O3 
coating is conformal in both cases. High resolution TEM (HRTEM) imaging, however, 
reveals a clear difference in the quality of the Si/Al2O3 interface. This is crucial for surface 
recombination25), since a low quality interface may worsen both the chemical passivation 
(i.e., how dangling bonds in Si are satisfied) and the physical passivation (since it is due to 
the sheet charge in close proximity of the interface). In the case of high RIE platen power 
(Fig. 4(c)), we can identify a region of a few nm in thickness, in which the Si appears to have 
become amorphous. This is most likely a result of the higher energy and more intense ion 
bombardment during RIE caused by the higher platen power. On the other hand, in the case 
of low RIE platen power (Fig. 4(d)) the lattice planes of Si with a distance of 3.13 Å are 
readily identified, corresponding to the (111) set of planes. These atomic columns of Si 
extend all the way to the boundary with Al2O3 without visible damage, which indicates an 
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interface of high quality where the Al2O3 passivation properties are fully exploited. 
 
3.3 Black bus-bars. 
The surface of blackened bus-bar is shown in the SEM image of Fig. 5(a). Some holes in the 
coating are visible with characteristic dimensions of around 1 µm, which however do not 
affect the functionality and the antireflective properties of the coating. In fact, the coating 
reduces reflectance dramatically as compared to conventional bus-bars with soldering 
coating, as already discussed in Section 3.1. Figure 5(b)-(c) show cross-sections of bus-bars 
before and after stringing, respectively. The soldering coating on the top side does not change 
during soldering, while some solder material on the back Si is redistributed due to surface 
tension. Chemical analysis by energy dispersive X-rays spectroscopy (data not shown here) 
shows that the coating on the top side has not been damaged by the soldering process or the 
flux that was used before soldering. The small hole in the top layer on Fig. 5(c) (indicated 
by the white circle) was caused by one of the pins from the stringer-machine during soldering. 
However, such hole is not visible from a distance of 1 m. In addition, one can notice a few 
small imperfections between cell and bus-bar. However, these imperfections in the soldering 
are not caused by the blackening of the bus-bars, as confirmed by analysis of several cross-
sections after using the same stringing machine, including standard, non-blackened bus-bars, 
which all contained similar minute imperfections.  
 
4. Conclusions 
In this paper, we have introduced black silicon textured by maskless, non-cryogenic reactive 
ion etch together with black bus-bars towards aesthetically appealing screen-printed, front 
contacted solar panels. Black silicon coated with Al2O3 results in a uniform dark appearance 
with average reflectivity lower than 1% in the UV-vis part of the solar spectrum, while 
retaining good minority carrier effective lifetime (up to 1.14 ms as compared to 1.54 ms for 
planar, polished reference wafers). The relatively high effective lifetime of black silicon 
samples is ascribed to a lower surface and sub-surface damage in the silicon thanks to the 
lower ion energy during the etching process, as revealed by high resolution transmission 
electron microscopy analysis. Blackened bus-bars using inorganic treatment combining 
electroplating and chemical etching results in reflectance lower than 4% across the UV-vis 
range, matching the antireflective properties of the black silicon rather well. Current efforts 
are being devoted to incorporating both black-Si and black bus-bars in a pilot production 
line of front-contacted panels, while future work will focus on up-scaling the blackening 
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process for the bus-bars to an automated line fabricating selective blackening at high speeds. 
In addition, we have planned accelerated ageing tests on mini-modules in order to assess the 
reliability and performance over time of our all-black panels.  
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Fig. 1. (Color online). Schematic of front contacted standard cells compared to 
cells with black silicon and black bus-bars. 
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Fig. 2. (Color online). Top: reflectance as function of photon wavelength for CZ, 
p-type polished Si (circles) and for standard bus-bars (squares). Bottom: 
reflectance as function of photon wavelength for b-Si after RIE (squares) and after 
deposition of ALD Al2O3 (circles), as well as for and blackened bus-bars 
(triangles). 
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Fig. 3. (Color online). (a) Top-view SEM image of b-Si passivated with ALD 
Al2O3. Scale bar is 200 nm. (b) Cross-section SEM image of b-Si passivated with 
ALD Al2O3. Scale bar is 100 nm. (c) Photograph of a 4’’ p-type CZ wafer after 
texturing with RIE, showing excellent uniformity in the etching process. (d) 
Effective lifetime measurements on b-Si before passivation (squares), after 
passivation (circles), and after annealing (diamonds). The effective lifetime of a 
polished CZ p-type wafer after passivation and annealing is also shown for 
reference.  
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Fig. 4. (Color online). TEM characterization of nanostructures from b-Si. (a) TEM 
image of a single nanostructure resulting from high surface damage RIE 
processing. The yellow contours indicate the Al2O3 passivation layer deposited by 
ALD. The scale bar is 100 nm. (b) TEM image of a single nanostructure resulting 
from low surface damage RIE processing (i.e. same wafers used for lifetime 
measurements shown in Fig. 3(d)). The yellow contours indicate the Al2O3 
passivation layer deposited by ALD. The scale bar is 100 nm. (c) HRTEM image 
of the Si/Al2O3 interface in the nanostructure shown in (a). The interface is not 
clear and a region of disorder (with possibly amorphized Si) is visible. Scale bar 
is 5 nm. (d) HRTEM image of the Si/Al2O3 interface in the nanostructure shown 
in (b). A much clearer interface is visible. The atomic columns of Si extend all the 
way to the interface (the distance between planes is 3.13 Å, corresponding to the 
(111) set of planes. Scale bar is 2 nm 
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Fig. 5. (Color online). (a). Top-view SEM image of surface of blackened bus-bar. Scale bar 
is 5 µm. (b) Optical microscope of a polished cross-section of blackened bus-bars before 
stringing. (c) Optical microscope of a polished cross-section of blackened bus-bars after 
stringing. The white circle indicates a small hole caused by a pin during the stringing process, 
which however is not visible from a distance of 1 m. 
 
 
 
 
 
